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[RSW3] and Hybrid Glycosylation1 [HGL1]), cell wall modulation (XYL1), and starch degradation (AGLU1). All GH31 family members retain a-glycosidases that retain the stereocenter of the C1 atom of the substrate with relatively large molecular mass values (;100 kD). Other a-glycosidases can be found in 13 additional GH families. Most of these glycosidases are inverting enzymes that invert the stereocenter of the C1 atom in the substrate. GH63, for example, contains the inverting a-glucosidase-I (GCS1; KNOPF), which resides in the endoplasmic reticulum, and removes the first Glc from the N-glycan of glycoproteins (Boisson et al., 2001) . Plant a-glycosidases can have interesting properties. For instance, some a-glycosidases mediate the release of monoterpenoid aroma in apricot (Prunus armeniaca; Krammer at al., 2002) . Furthermore, the a-glycosidase of the hyperthermophilic archaebacterium Pyrococcus furiosus remains active at 105°C to 115°C (Costantino et al., 1990) .
Many a-glycosidases can be blocked by selective inhibitors. Compounds like miglitol and acarbose are welldescribed a-glucosidase inhibitors used as antidiabetic drugs (Hillman et al., 1989; Carrascosa et al., 2001) . These compounds have occasionally been used to conduct research in plants; for instance, a-amylase was inhibited to study barley (Hordeum vulgare) seed germination (Frandsen et al., 2000; Stanley et al., 2011) . Iminosugars also have been used to study plant cell wall metabolism and starch remobilization (Andriotis et al., 2016) .
The large number of a-glycosidases, their complex regulation, and their varied subcellular localization call for new tools to detect when and where these enzymes are active. Activity-based protein profiling (ABPP) is a simple and widely applicable technique that can display active enzymes in crude extracts and living tissues (Cravatt et al., 2008) . ABPP is based on the use of small chemical probes that mimic a substrate but lock the enzymatic mechanism in the covalent intermediate state, labeling only active enzymes. Fluorescent probes facilitate the detection of the labeled proteome on protein gels by fluorescence scanning, whereas biotinylated probes facilitate the purification and identification of labeled proteins by mass spectrometry (MS).
ABPP technology was initially developed in medical biology (Verhelst and Bogyo, 2005; Cravatt et al., 2008; Willems et al., 2014) and is used increasingly in microbiology (Sadler and Wright, 2015) and plant biology (Morimoto and van der Hoorn, 2016) . For instance, we have used activity-based probes to study the activities of the proteasome, Ser hydrolases, Cys proteases, glutathione transferases, aldehyde hydrogenases, metalloproteases, and ATP-binding proteins in plants (Kaschani et al., 2009; Gu et al., 2010 Gu et al., , 2013 Kolodziejek et al., 2011; Lenger et al., 2012; Richau et al., 2012; Misas-Villamil et al., 2013 Stiti et al., 2016) . These probes also have been used by other plant research laboratories to investigate maize (Zea mays) smut effectors, herbicide activation, wheat (Triticum aestivum) leaf senescence, and apical dominance in potato (Solanum tuberosum) tubers (Gershater et al., 2007; Martínez et al., 2007; Mueller et al., 2013; Teper-Bamnolker et al., 2017) .
We previously validated activity-based probes for retaining b-glycosidases in plants (Chandrasekar et al., 2014) . Using b-configured cyclophellitol aziridine probes, we were able to monitor the activity of dozens of b-glycosidases, including b-myrosinases, b-glucosidases, b-xylosidases, and b-galactosidases (Chandrasekar et al., 2014) . Here, we validate the use of a-configured cyclophellitol aziridine probes for retaining a-glycosidases in plants. These probes were recently developed and tested on mammalian proteomes (Jiang et al., 2016) . We characterize the labeling profile, identify labeled proteins, and characterize the inhibitor sensitivity of labeling. We also show their broad applicability for studying glycosidases in nonmodel plant species, exemplified by saffron crocus (Crocus sativus), and demonstrate their use in combination with other fluorescent probes for profiling multiple classes of hydrolase activities simultaneously.
RESULTS

Distinct Activity-Based Probes for aand b-GHs
We studied the labeling of three different activitybased probes that carry a cyclophellitol aziridine reactive group with glucopyranose in the a-configuration ( Fig. 1A ). This reactive group has been designed to target retaining a-glucoside hydrolases (aGHs; Jiang et al., 2016) . The three probes used differ only in the reporter tag: JJB382 carries a Bodipy(FL) fluorophore, JJB383 carries a Cy5 fluorophore, and JJB384 carries a biotin affinity tag (Supplemental Fig. S1 ). These probes are distinct from the probes introduced earlier, which contained b-configured cyclophellitol aziridine reactive groups, aimed at labeling b-glucoside hydrolases (bGHs; Kallemeijn et al., 2012; Chandrasekar et al., 2014) . The b-configured probes carry different reporter tags: KY371 carries an alkyne minitag, JJB70 carries a Bodipy(FL) fluorophore, JJB75 carries a Bodipy(TMR) fluorophore, and JJB111 carries a biotin affinity tag ( Fig. 1A ). When we previously tested these b-configured probes in plants, we found that they labeled a broad range of bGHs of the GH1, GH3, GH5, GH30, GH35, GH51, GH52, and GH79 families but not aGHs from GH31 (Chandrasekar et al., 2014) .
The a-Glucosidase Probes Label a Distinct Subproteome
To test the labeling by the new probes, Arabidopsis leaf extracts were labeled with JJB382 and JJB70, which differ in their reactive group configuration but have the same fluorophore. Labeled proteomes were separated on protein gels and detected by in-gel fluorescence scanning. The labeling profile of JJB382 is notably distinct from that described earlier for JJB70. While JJB70 generates two strong signals at 70 kD, caused by the myrosinases TGG1 and TGG2 (Chandrasekar et al., 2014) , JJB382 labeling does not display these signals. Instead, JJB382 labeling generates six signals (signals 1-6) at 100 to 130 kD ( Fig. 1B; Supplemental Fig. S2 ). These JJB382 signals 1 to 6 are 20-fold weaker than the JJB70 signals 8 and 9; therefore, high protein loading is required to detect the JJB382 signals robustly (Fig. 1, B and E). Both JJB70 and JJB382 labeling also display a signal at 60 kD (signal 7; Fig. 1B ). Labeling with JJB382 causes a profile that seems identical to that of JJB383, indicating that the different fluorophores do not affect labeling (Fig. 1C ).
Next, we tested the specificity of labeling in competition experiments. JJB383 labeling of signals 1 to 6 is suppressed upon preincubation with an excess of a-configured JJB384 but not b-configured KY371, indicating that signals 1 to 6 represent aGHs (Fig. 1C ). However, JJB383 labeling of signal 7 is suppressed upon preincubation with b-configured KY371 but not a-configured JJB384, suggesting that this is a bGHderived signal (Fig. 1C ). Taken together, these experiments indicate that the a-configured fluorescent probes label a distinct set of proteins when compared with the b-configured probes.
Multiplex Labeling of aand b-Glycosidases
Prelabeling with b-configured JJB75 does not affect the labeling of signals 1 to 6 by a-configured JJB382 at 100 to 130 kD (Supplemental Fig. S3A ). However, JJB382 signal 7 at 60 kD is suppressed upon prelabeling with b-configured JJB75, consistent with this signal being generated by a bGH. Indeed, JJB75 labeling also generates a 60-kD signal, similar to signal 10 of b-configured JJB70 (Supplemental Fig. S3 , B and D). Prelabeling with JJB75 also generates an additional signal 8 at 70 kD (Supplemental Fig. S3A ), which might result from unintended excitation of JJB75 at 488 nm. JJB75labeled proteins also are excited by the 633-nm laser (Supplemental Fig. S3C ), indicating that JJB75 cannot be used for colabeling.
Conversely, prelabeling with a-configured JJB383 does not affect b-configured JJB70 labeling (Supplemental Fig.  S3A ). The labeling profile of JJB383 (Supplemental Fig.  S3A ) also is identical to that of JJB382 (Supplemental Fig. S3A ), except for the absence of signal 7, consistent Figure  S1 . B to E, Activity profiles of aand b-glucosidase probes. Arabidopsis leaf extracts at pH 7 were preincubated with or without 50 mM JJB384 (384) or KY371 (KY) for 30 min and then labeled with or without 2 mM JJB382, JJB383, or JJB70 for 1 h. Proteins were separated on protein gels and analyzed by in-gel fluorescence scanning at excitation 488 nm and emission 520 nm (ex488/em520; B) or ex633/em670 (C), overlaid (D), and Coomassie Blue stained (E). Four times less JJB70-labeled sample was loaded to compare JJB70 and JJB382 profiles. For full gels, see Supplemental Figure S2 .
with it being a bGH labeled by JJB70. Taken together, these data demonstrate that the a-configured probes cause distinct signals at 100 to 130 kD and that probes having different fluorophores can be used for colabeling. Also, all fluorophores except for the Bodipy(TMR) of JJB75 are detected selectively using distinctive excitation and emission wavelengths. The labeling experiments presented so far were performed at pH 7. Because a-glucosidases act in different subcellular locations with specific microenvironments, we tested labeling at various pH levels. JJB383 labeling is strongly pH dependent. Labeling of signals 1 to 5 occurs only at pH 6 to 8, while labeling of signal 6 also occurs at pH 5 to 9 ( Fig. 2A; Supplemental Fig. S4A ). In addition, signal 7 is most intense at pH 5, indicating that these bGHs act at acidic pH ( Fig. 2A ; Supplemental Fig.  S4A ). The aGH-derived signals 1 to 5, however, are best labeled at neutral and slightly acidic pH (pH 6-8). To investigate whether the reduced aGH signals observed at low pH are caused by protein precipitation or degradation, we incubated a sample that was prelabeled at pH 7 with JJB383 at various pH values. JJB383-labeled proteins were unaffected upon incubation at low pH ( Fig. 2A, JJB383 ), illustrating that aGH labeling is pH dependent. Therefore, we focused further on a-glycosidase labeling at pH 7.
Next, we investigated the timing of JJB383 labeling. Signals 1 to 6 appear upon labeling within minutes and reach their maximum within 12 min ( Fig. 2B ). Signal 1, however, intensifies faster, indicating that this aGH has a higher turnover rate and is labeled faster by JJB383.
a-Glucosidase Inhibitors Selectively Block Labeling
To confirm that the 100-to 130-kD signals are generated by a-glucosidases, we tested labeling upon incubation with known a-glucosidase and control inhibitors. We tested two commercially available a-glucosidase inhibitors, acarbose and miglitol, which are used as antidiabetic drugs (Hillman et al., 1989; Carrascosa et al., 2001) . We also included the b-galactosidase inhibitor galactostatin and three iminosugars that mimic Glc but differ stereochemically at the 59 and 49 positions: 1-deoxynojirimycin (DNJ), 1-deoxygalactonojirimycin (DGJ; migalastat), and ido-1-deoxynojirimycin (idoDNJ; Fig. 3A ).
Preincubation with miglitol suppresses JJB383 labeling of signals 1 to 6 ( Fig. 3B ), indicating that these signals are caused by a-glycosidases. Surprisingly, acarbose does not affect the labeling of signal 1 but suppresses the labeling of signals 2 to 6 ( Fig. 3B ). Galactostatin is unable to prevent JJB383 labeling, indicating the relevance of the stereochemistry at the 19 and 49 positions ( Fig. 3B ). Of the This sample was buffer exchanged with water, followed by mixing with an unlabeled proteome plus 2 mM JJB383, and labeled for 1 h at various pH values. Proteins were precipitated with acetone and analyzed by in-gel fluorescence scanning at ex488/em520 for JJB382 (top gel), ex633/em670 for JJB383 (second gel), and Coomassie Blue (CBB) staining (bottom gel). The overlay (third gel) shows JJB382 in red and JJB383 in blue. B, Quantified time course of a-glucosidase labeling of Arabidopsis leaf extracts. Arabidopsis leaf extracts were labeled with 2 mM JJB383 at pH 7, and samples were collected at various time points.
The y axis displays fluorescence intensities from protein gels, and the x axis indicates time (minutes). tested iminosugars, DNJ and DGJ effectively block JJB383 labeling ( Fig. 3B) , indicating that the 49 stereochemistry is not essential for inhibiting JJB383 labeling. By contrast, idoDNJ is unable to block JJB383 labeling, indicating that the stereochemistry at the 59 position is essential for inhibiting JJB383 labeling. These results demonstrate that labeling of the 100-to 130-kD proteins with a-configured probes is highly selective.
The 100-to 130-kD Signals Contain Four a-Glycosidases
To identify the signals, we labeled Arabidopsis leaf extracts at pH 7 with biotinylated a-configured JJB384. We purified the biotinylated proteins and analyzed them by in-gel and on-bead digestion. For the in-gel digestion procedure, purified JJB384-labeled proteins were separated on protein gels and stained with Sypro Ruby. Signals 1 to 6 that appear at 100 to 130 kD in the JJB384-labeled sample, but not in the no-probe control, were excised and in-gel digested with trypsin ( Fig. 4A ). Released tryptic peptides were identified by LC-MS/MS. Four a-glycosidases were identified from all three excised signals: RSW3/PSL5 (Priority for Sweet Life5 [At5g63840]; 36 spectral counts), a-xylosidase XYL1 (At1g68560; 17 spectral counts), HGL1 (At3g23640; 12 spectral counts), and a-glucosidase-1 AGLU1 (At5g11720; 10 spectral counts; Fig.  4B ). These four enzymes are GH31 a-glycosidases, and their predicted molecular masses are 104, 102, 111, and 101 kD, respectively ( Fig. 4C ). These proteins can run at higher molecular mass because they are likely N-glycosylated, as they have two, nine, three, and nine putative N-glycosylation sites, respectively ( Fig. 4C ). We also identified a few peptides from the b-glucosidase BGLC3 (At5g04885; two spectral counts) from signals 4 to 6 ( Fig. 4A , bands 4 and 5). However, this protein has a predicted molecular mass of 68 kD and might be a contaminant from a different region of the gel. We also performed on-bead digestion to detect biotinylated proteins and to determine if more proteins are labeled by JJB384. The pulldown was performed three times for JJB384-labeled proteins and three times for the no-probe control. Of the 388 proteins detected, 33 were not from Arabidopsis and 194 were not detected in more than two of the six samples ( Fig. 5A ). The average labelfree quantification (LFQ) intensities for the 161 remaining proteins were plotted against their average distribution between the no-probe control and the JJB384 samples. As usual, the most abundant proteins were the endogenous biotinylated proteins BCCP, MCCA, and ACC1 as well as the highly abundant large Rubisco subunit RBCL (Fig. 5B , top signals). We also detected 12 proteins nearly exclusively in the JJB384 sample ( Fig.  5B , right side), which are all glycosidases ( Fig. 5C ). We detected the same four GH35 a-glucosidases as with in-gel digestion: AGLU11, XYL1, HGL1, and RSW3. These four a-glucosidases are detected with high LFQ intensities and protein coverage, consistent with them being the preferred targets of JJB384. The remaining glycosidases are b-glycosidases of families GH116 (At4g10060), GH1 (BGLU15, BGLU40, BGLU42, and BGLU44), and GH3 (F13I12, BGLC1, and BGLC2; Fig.  5C ). The high spectral counts for BGLU44 and BGLC1 and their predicted molecular masses suggest that these proteins might underlie signal 7, possibly mixed with other GH1 and GH3 enzymes. By contrast, our earlier pull-down analysis with b-configured JJB111 displayed most of the detected b-glycosidases but none of the a-glucosidases ( Fig. 5C, right) . In conclusion, although JJB384 preferentially targets a-glucosidases, it also labels some but not all b-glycosidases. TGG1 and TGG2, for example, are abundant GH1 glucosidases in leaves but were not detected among JJB384-labeled proteins.
Profiling of Active a-Glucosidases Can Be Applied to Other Plant Species
We next tested whether the a-configured probes can be used to detect a-glucosidases in leaf extracts of other plant species. In addition to Arabidopsis, we included a model legume (alfalfa [Medicago sativa]), two solanaceous plants (Nicotiana benthamiana and tomato [Solanum lycopersicum]), two monocots (rice [Oryza sativa) and maize), and a gymnosperm (sago palm [Cycas revoluta]). Preincubation with 50 mM miglitol was used to distinguish between aand b-glucosidases. Labeling causes fluorescent signals at 10 to 130 kD for all the plant species tested; these signals are suppressed upon miglitol preincubation and absent in the no-probe control (Fig. 6) . The signals are similar in intensity and molecular mass, although there are slight differences in the profiles. Signals at 40 to 60 kD are not suppressed upon preincubation with miglitol, indicating that these are generated by b-glucosidases ( Fig. 6 ). In conclusion, these a-configured probes can be used to monitor miglitolsensitive a-glucosidases in various plant species.
Glycosidase Activity Profiling of a Nonmodel: Saffron Crocus Anthesis
We next used glycosidase activity profiling to investigate anthesis in saffron crocus. The stigmas of these monocot flowers are harvested, dried, and used widely as a spice and for food coloring (Ahrazem et al., 2015) . During the drying process, heat, and presumably glucosidases, convert the bitter-tasting picrocrocin into Glc and safranal, which gives saffron its distinct aroma (Jain et al., 2016) . The glycosidases catalyzing this reaction, and the conversion of other volatiles and nonvolatile apocarotenoids, have not been identified.
To initiate the characterization of safranal-generating glucosidases, we performed glucosidase activity profiling at two different stages of stigma development and maturation: yellow (stage 1) and scarlet (stage 4; Wafai et al., 2015) . Taking advantage of having different fluorophores on aand b-configured probes, we simultaneously monitored active aand b-glucosidases using multiplex fluorescence. As with other plant species, the a-configured probe JJB383 displays signals at 100 to 130 kD, which do not change in intensity during anthesis ( Fig. 7A ). By contrast, the b-configured JJB70 displays a constant signal at 70 kD and a differential signal at 110 kD that is particularly strong at stage 4 ( Fig. 7A ). This 110-kD signal overlaps with the JJB383derived signals, causing a purple signal in the overlay image ( Fig. 7A ).
To determine if the 110-kD glycosidase is labeled by both JJB383 and JJB70, or if these signals are generated by two different labeled glycosidases that comigrate, we preincubated the samples with the aGH inhibitor miglitol and the bGH inhibitor KY371. The JJB70-labeled 110-kD signal is only suppressed by KY371, and the JJB383-labeled signals are only suppressed by miglitol ( Fig. 7A ). This result demonstrates that the labeled GHs are comigrating and that the differential signal is a bGH.
To identify glucosidases that are differentially active between stages 1 and 4, we performed labeling with mixed, biotinylated probes targeting both aand b-glycosidases (JJB384 and JJB111, respectively). Labeling was performed on three biological replicates, both from stage 1 and 4 samples, and peptides from on-bead trypsin digestion were identified. To facilitate the annotation of MS spectra, we annotated the proteome based on published RNA sequencing data of saffron crocus (Jain et al., 2016) . We detected and quantified 67 putative glycosidases (Fig.  7B ) and plotted their relative occurrence in stages 1 and 4 against the predicted molecular masses (Fig. 7B) .
Four of the detected glycosidases are putative orthologs of Arabidopsis XYL1, RSW3, and AGLU1 of the GH31 family. However, these aGHs are not A, Arabidopsis leaf extracts were labeled with and without 5 mM JJB384 for 1 h at pH 7. Biotinylated proteins were purified on high-capacity streptavidin agarose resin beads and eluted by boiling in SDS sample buffer. Proteins were separated on protein gels and stained with Sypro Ruby. Gel slices were excised and treated with trypsin, and released peptides were analyzed by liquid chromatographytandem mass spectrometry (LC-MS/ MS). B, Five glycosidase proteins were identified in bands 1 to 6. C, Detected proteins and their domain structure, predicted molecular mass (MW; in kD), and number of putative N-glycosylation sites (PGS). aa, Amino acids. Figure 5 . On-bead digestion identifies 12 aand b-glycosidases. A, Selection criteria for pull-down proteomics. Arabidopsis leaf extracts were labeled with and without 5 mM JJB384, and biotinyated proteins were purified on high-capacity streptavidin agarose resin beads. On-bead digests with trypsin were analyzed by MS, and Arabidopsis proteins that were detected in three of the six pull-down experiments were selected. B, Distribution of the detected proteins over the no-probe control (NPC) and the JJB384labeled sample. The average LFQ scores were plotted against the distribution of the LFQ scores for each protein detected with and without the probe. All 12 highly enriched proteins are glycosidases, highlighted on the right. Abundant, nonenriched signals come from endogenously biotinylated proteins (BCCP, MCCA, and ACC1) and the large subunit of Rubisco (RBCL). C, Characterization of the detected probe targets. We detected four GH1 glycosidases (green), three GH3 glycosidases (red), four GH31 glycosidases (blue), and one GH116 glycosidase (purple), each with unique (black) and ambiguous (gray) peptides, summarized in columns u and a, respectively. The presence of a signal peptide (SP; SignalP prediction), the predicted molecular mass (MW; in kD), and number of putative N-glycosylation sites (PGS; NxS/T) are indicated. a/b, Annotation as aor b-glycosidase; aa, amino acids; JJB111, detected previously in b-glycosidase pulldowns (Chandrasekar et al., 2014) . differentially active (Fig. 7B, blue circles) , consistent with the unaltered fluorescence labeling profiles (Fig.  7A ). In addition to GH31 glycosidases, we also detected peptides from representatives of nine additional GH families: GH1 (213), GH35 (153), GH3 (123), GH116 (103), GH31 (43), GH17 (23), GH2 (13), GH5 (13), and GH27 (13).
Of the 67 active glycosidases that we could quantify, eight were significantly up-regulated more than 2-fold in stage 4 stigmas (Fig. 7B, right, encircled) , including three GH3, three GH35, two GH116, and one GH1. One GH1 glycosidase with a predicted molecular mass of 130 kD was significantly downregulated more than 2-fold when compared with stage 4 stigmas ( Fig. 7B, left, encircled) . We also note the enrichment of several additional GH1 glycosidases in stage 4 stigmas, albeit not statistically significant ( Fig. 7B, green circles) . The differential 110-kD bGH detected with JJB70 labeling is likely the GH116 enzyme CsTc017194, because this enzyme has a predicted molecular mass of 106 kD and is 4.5-fold up-regulated in stage 4 stigmas ( Fig. 7B , left top purple circle). This experiment illustrates the power of applying quantitative glycosidase activity profiling on nonmodel plant species.
Multiplex Activity Profiling Displays Changed Hydrolase Activities in Fusarium oxysporum-Infected Corms
To illustrate the combination of glycosidase activity profiling with activity profiling of other enzyme classes, we investigated infections of saffron corms with Fusarium oxysporum (Fox). Fusarium corm rot caused by Fox is the most destructive disease in saffron, having caused severe yield losses in saffron-producing countries (Cappelli, 1994; Husaini, 2014) . Saffron crocus corms were infected with four different Fox isolates, including three different formae speciales (Palmero et al., 2014) , and analyzed for differential protein activities at 3 weeks after infection.
By combining probes having different fluorophores, we were able to display a large number of active hydrolases in only two labeling reactions on multiple biological replicates. The combination of JJB383 and FP-Tamra displays a-glycosidase and Ser hydrolases using different fluorophores, respectively. Likewise, the combination of JJB70, MV201, and JOPD1 displays the activities of b-glycosidases and Cys proteases using different fluorophores. These experiments displayed remarkably different profiles upon infection, irrespective of the Fox isolate used (Supplemental Fig.  S5 ). The activities of both 100-kD putative a-glucosidase and putative b-glucosidases at 50 to 70 kD are increased upon infection (Fig. 8A) . By contrast, the activities of one strong 50-kD and several weaker 60-kD Ser hydrolase signals are reduced upon infection ( Fig. 8B) . Several active b-glucosidases of 45 to 60 kD appear upon infection, while strong signals at 65 and 70 kD disappear (Fig. 8C) . Finally, the activity profile of Cys proteases changes dramatically upon infection (Fig. 8D ). These signals represent papain-like Cys proteases (MV201; Richau et al., 2012) or vacuolar processing enzymes (JOPD1; Lu et al., 2015) . In conclusion, this simple experiment illustrates the ease and potential of investigating the activities of diverse classes of hydrolases using probes having different fluorophores.
DISCUSSION
We have validated activity-based probes for a-glycosidases in plants. We discovered that they label all four members of the GH31 family as well as many additional b-glycosidases that run at a lower molecular mass. The labeling of a-glycosidases is pH dependent and can be suppressed by miglitol and partially by acarbose. Activity profiling of a-glycosidases can be broadly applied to other plants, including nonmodel plant species. We used glycosidase probes to quantify and identify 67 active glycosidases from the stigmas of the saffron crocus. We also used multiplex fluorescence labeling with probes for Ser hydrolases and Cys proteases to display the dynamics of hydrolase activities in crocus corms upon infection with Fox.
The Range of Enzymes Labeled by a-Glycosidase Probes
We detected four GH31 a-glycosidases in Arabidopsis, both by in-gel and on-bead digestion of purified biotinylated proteins (Figs. 4 and 5) . We also identified the putative orthologs of three of the active GH31 a-glycosidases from the nonmodel plant species saffron crocus (Fig. 7) , illustrating the robustness of a-glycosidase activity in different plant species. Although we did not detect XYL2, the gene encoding XYL2 is considered a pseudogene (Iglesias et al., 2006) .
It is interesting that, although our probes mimic a-Glc, consistent with the labeling of the a-glucosidases AGLU1 and RSW3, we also label glycosidases that recognize a-Xyl (XYL1) and a-Man (HGL1). These two monosaccharides, however, are relatively similar to Glc. This result indicates that the a-configured cyclophellitol aziridine probes have a degree of promiscuity, allowing them to label a broad range of glycosidases. We made a similar observation for the b-configured cyclophellitol aziridine probes that not only label b-glucosidases but also b-galactosidases, b-xylosidases, b-glucuronidases, and b-glucanases (Chandrasekar et al., 2014) .
We did not detect a-glycosidases from other GH families for several reasons. First, the majority of the other a-glycosidases are inverting glycosidases, and these do not covalently react with cyclophellitol aziridine probes. These include the endoplasmic reticulumresident GCS1 (KNOPF), which catalyzes the first step of N-glycan trimming in the folding cycle and is a GH63 inverting a-glycosidase (Boisson et al., 2001) . Second, the a-configured cyclophellitol aziridine probe may not be able to enter more specific substrate-binding pockets of a-glycosidases acting on complex glycans. Third, not all a-glycosidases may be expressed in the analyzed Figure 7 . Glucosidase activities in the stigmas of saffron crocus during anthesis. A, Glycosidase activity profiles of stigmas at anthesis stages 1 and 4. Stigma extracts of stages 1 and 4 were preincubated at pH 7 with and without 50 mM miglitol or KY371 for 30 min and then labeled with or without 2 mM JJB383 or JJB70 for 1 h. The JJB383-and JJB70-labeled samples were mixed, separated on protein gels, and analyzed by in-gel fluorescence scanning at ex633/em670 for JJB383 (top gel), ex488/em520 for JJB70 (second gel), and Coomassie Blue (CBB) staining (bottom gel). The overlay (third gel) shows JJB383 labeling in blue and JJB70 labeling in green. B, Comparative glycosidase activity profiling of stages 1 and 4 stigmas of saffron crocus. Stigma extracts of stages 1 and 4 were labeled with or without 5 mM biotinylated probes in triplicate, and biotinylated proteins were purified on avidin beads. On-bead trypsin digests were analyzed using a reannotated proteome of saffron crocus. For each detected GH, the occurrence in the two samples (ratio) was plotted against the predicted molecular mass, with the circle size representing the P value and the color indicating the GH family. Ten significantly differential GHs (P , 0.01, Student's t test) are highlighted with a black edge. tissues or may not be active under the tested conditions. This condition dependency is illustrated by the fact that the labeling profile depends on pH (Fig. 2) .
In addition to a-glycosidases, we also detected the labeling of a large number of b-glycosidases. This result is remarkable because the a-glycosidases were not detected with b-configured probes (Chandrasekar et al., 2014) . However, this may be due to the lower concentration of a-glycosidases when compared with b-glycosidases. Nevertheless, the fact that a-configured probes label bGHs, but not vice versa, also has been noted in studies on mammalian proteomes (Jiang et al., 2016) , and this property has been used to design more selective aGH inhibitors (Artola et al., 2017) . Interestingly, not all b-glycosidases are labeled by a-configured probes. The highly abundant myrosinases TGG1 and TGG2, for example, produce strong labeling signals with b-configured probes (Chandrasekar et al., 2014; Fig . 1B) but are not labeled by the a-configured probes and are not detected by MS. Figure 8 . Differential hydrolase activities in saffron corms upon infection with Fox. Saffron corms were inoculated with or without four different Fox isolates in duplicate ( Supplemental Fig. S5) , and cell-free extracts were generated and lyophilized after 2 weeks. Extracts were labeled for 4 h in 4 mM DTT at pH 7 with 2 mM JJB383 and FP-Tamra (A and B) or at pH 5 with 2 mM JJB70, MV201, and JOPD1 (C and D). Proteins were separated on protein gels and analyzed by in-gel fluorescence scanning at ex633/em670 to detect JJB383 (A), ex488/em520 to detect JJB70 (C), and ex532/em610 to detect FP-Tamra, MV201, and JOPD1 (B and D) . The second and bottom gels show the overlay of JJB383 in blue and FP-Tamra in red (left) and JJB70 in green and MV201 + JOPD1 in red (right) and Coomassie Blue staining (bottom). Shown are the mixed mock and Fox samples in duplicate and a mix of the mixed proteomes as a no-probe-control (mix). The activity profiles of separate proteomes are shown in Supplemental Figure S5 .
The Identity of the 100-to 130-kD Signals in the a-Glycosidase Activity Profiles
The a-glycosidases cause distinct signals in the 100-to 130-kD region, consistent with their predicted molecular masses (Fig. 4) . Unfortunately, the signals are too close to separate and identify the proteins corresponding to each signal. However, we can predict that the bottom signals represent AGLU1 and XYL1 for several reasons. First, this signal also appears upon labeling at pH 4 to 5 ( Fig. 2A) , consistent with their function in the apoplast. Second, this signal is sensitive to acarbose inhibition (Fig.  3) , and AGLU1 is known to be inhibited by acarbose (Frandsen et al., 2000) . Third, AGLU1 and XYL1 have the lowest predicted molecular masses (Fig. 5C ). Conversely, our data suggest that HGL1 may generate one of the top signals, as it is expected to have the higher molecular mass and to be active in the Golgi (pH 6.5). This result implies that HGL1 may be insensitive to acarbose but not to miglitol inhibition.
a-Glycosidase Activity Profiling Is Broadly Applicable in Plant Science
Our work demonstrates that a-glycosidase activity profiling is broadly applicable. We were able to display miglitol-sensitive labeling of 100-to 130-kD proteins from leaves of monocot and dicot plants and the leaves of a gymnosperm (Fig. 6) . These signals very likely represent the orthologs of the Arabidopsis a-glycosidases RSW3, HGL1, AGLU1, and XYL1. Three of these enzymes also were detected upon labeling of saffron crocus anthers (Fig. 5C ). We displayed activity profiles of a-glycosidases in leaves, stigmas, and corms ( Figs. 6-8) , further supporting the broad applicability of this technique. Since the probes are uncharged, and b-configured probes have been used for in vivo labeling (Chandrasekar et al., 2014) , we believe that the probes also can be used for the in vivo labeling of a-glycosidases.
We also applied a-glycosidase activity profiling to stigmas and corms of the saffron crocus to study stigma development ( Fig. 7) and Fox infection (Fig. 8) . These experiments illustrate the ease with which a-glycosidase activity profiling can be applied to cash-crop plants to generate data for follow-up studies. For instance, our data suggest candidate glycosidases responsible for the conversion of picrocrocin into safranal in harvested stigmas. Likewise, we detect the suppressed activity of an a-glycosidase upon infection with Fox, consistent with the notion that Fox is likely to suppress AGLU1 in the apoplast during infection to overcome the antifungal activity of this enzyme (Xiao et al., 1994; Monroe et al., 1999) .
Multiplex Fluorescence Activity Profiling Displays Dynamic Changes in Hydrolase Activities
The use of probes having different fluorophores greatly expands the ease with which we can profile multiple classes of hydrolases simultaneously. Multiplex labeling will drastically accelerate research and miniaturize the experiments. By labeling of saffron stigmas and infected corms ( Figs. 7A and 8) , we have illustrated the ease with which multiplex fluorescence simultaneously displays the activity profiles of different enzyme classes.
The changes in hydrolase activities upon infection of corms by Fox are interesting and robust ( Fig. 8;  Supplemental Fig. S5 ). The signals that appear in infected corms may be generated by plant-produced hydrolases aimed to suppress the disease or may come from Fox itself, to macerate the host tissue (Mohamed et al., 2017) . The reduced activity of a 50-kD plant Ser hydrolase upon Fox infection may be caused by a depletion of this 50-kD protein but also may be caused by the suppression of the activity of this protein by Fox. We have detected a similar suppression of host hydrolase activities upon bacterial infection Chandrasekar et al., 2017) . The suppression of host enzymes can be studied further using convolution ABPP, where samples from infected and noninfected samples are mixed before and after labeling (Chandrasekar et al., 2017) .
In conclusion, we have validated activity profiling for a-glycosidases, showed its broad applicability by profiling other tissues, plant species, and biological phenomena, and introduced multiplex labeling to speed up and miniaturize activity profiling in plant science.
MATERIALS AND METHODS
Probes and Inhibitors
The activity-based probes JJB382, JJB347, JJB383, and JJB384 (Jiang et al., 2016) and JJB70, JJB75, JJB111, and KY371 (Kallemeijn et al., 2012; Chandrasekar et al., 2014) have been described previously. Immunosugars DNJ (Wennekes et al., 2007) , DGJ, and idoDNJ (Wennekes et al., 2010) have been described previously. Acarbose, miglitol, and galactostatin were purchased from Sigma-Aldrich, Tocris, and Santa Cruz, respectively.
Plant Material, Growth Conditions, and Fox Infections
Arabidopsis (Arabidopsis thaliana) ecotype Columbia, alfalfa (Medicago sativa), Nicotiana benthamiana, tomato (Solanum lycopersicum), rice (Oryza sativa), maize (Zea mays), and sago palm (Cycas revoluta) were grown on soil under standard greenhouse conditions. Healthy corms of saffron crocus (Crocus sativus), previously disinfected with 5% [v/v] sodium hypochlorite for 15 min followed by three washes with sterile water, were planted in sterile substrate and held for 3 weeks with controlled temperature and light (12/12 h of light/ dark and 25°C/21°C). The inoculum consisted of a suspension of conidia obtained after 1 week in potato (Solanum tuberosum)-Glc medium, stirred at 150 rpm. To remove the mycelium, the suspension was filtered with a double layer of cheesecloth. The conidia suspension was adjusted to 10 5 conidia mL 21 and used for the inoculation of plant material. The plant roots were immersed for 24 h in the suspension of conidia (200 mL of suspension), then transplanted back and kept under the same conditions of temperature and light for 3 weeks.
Protein Extraction
Two leaf discs (0.9 cm diameter) were taken from the leaves of various plant species and homogenized with 300 mL of a buffer with suitable pH (50 mM sodium acetate buffer for pH 3 and 4, 50 mM MES buffer for pH 5 and 6, 50 mM MOPS buffer for pH 7 and 8, and 50 mM Tris buffer for pH 9 and 10). After the tissues had been ground in a 1.5-mL tube, the samples were centrifuged at 10,000g (4°C for 10 min) followed by 11,000g (4°C for 5 min) to remove cell debris, and the supernatant containing soluble proteins was used for labeling.
Labeling Plant Extracts
All probes were prepared as 0.1 to 10 mM stock solutions in dimethyl sulfoxide. Equal volumes of dimethyl sulfoxide were used as a no-probe control. Labeling was performed as described previously (Chandrasekar et al., 2014) . For fluorescence gel imaging, the extracts were incubated with 2 mM probes for 1 h at room temperature in the dark at a 50-mL total reaction volume. For the competition experiments, the extracts were preincubated with the corresponding inhibitors at 50 mM for 30 min prior to labeling with the probe.
The labeling reactions were quenched by adding 43 gel loading buffer (200 mM Tris-HCl [pH 6.8], 400 mM DTT, 8% [w/v] SDS, 0.04% [w/v] bromophenol blue, and 40% [v/v] glycerol) at 13 final concentration and heating at 95°C for 5 min. The labeled proteins were separated on 10% protein gels and detected on the protein gels with the Typhoon FLA 9000 scanner at ex488/em520 or ex633/em670 (GE Healthcare Life Sciences). Subsequent to fluorescence imaging, the gels were stained with Coomassie Brilliant Blue R-250. The fluorescence of the labeled proteins was quantified using ImageJ. For pull-down experiments, the extracts from three biological replicates were incubated with 5 mM probes for 1.5 h at room temperature in the dark at a 1-mL total reaction volume. The labeling reactions were quenched by precipitating the total proteins via the chloroform/methanol precipitation method (Wessel and Flugge, 1984) .
Pull-Down and On-Bead, In-Gel Trypsin Digestion
Pull-down experiments and on-bead and in-gel trypsin digestions were performed as described with minor modifications (Chandrasekar et al., 2014) . For Arabidopsis, healthy leaf discs (1.5 g) were collected from middle/top leaves of 5-week-old Arabidopsis plants growing in different pots at the same point of time. Leaf discs were mixed, and three separate extracts were generated in 50 mM MOPS at pH 7. For saffron crocus sigmas, four stigmas, each from a single flower, were harvested for each stage from different plants of the same age but at different time points. These four stigmas were pooled for the pulldown experiment, and three of these pooled samples were used as biological replicates. The trypsin-digested peptides were purified using Sep-Pak C18 columns (Waters; WAT020515). The columns were equilibrated with 2% (v/v) acetonitrile (ACN) and 0.1% (v/v) formic acid (FA) before peptide loading. Peptides were washed with 10 mL of 2% (v/v) ACN and 0.1% (v/v) FA and eluted with 2 3 1 mL of 65% (v/v) ACN and 0.1% (v/v) FA. Purified peptides were dried in a vacuum centrifuge and subjected to MS analysis. After elution from the Sep-Pak, samples were dried using a vacuum concentrator (Eppendorf), and the peptides were resuspended in 0.1% [v/v] FA solution (15 mL).
LC-MS/MS
Experiments were performed on an Orbitrap Elite instrument (Thermo; Michalski et al., 2012) that was coupled to an EASY-nLC 1000 liquid chromatograph (Thermo). The liquid chromatograph was operated in the onecolumn mode. The analytical column was a fused silica capillary (75 mm 3 20 cm or 75 mm 3 40 cm) with an integrated PicoFrit emitter (New Objective) packed in house with Reprosil-Pur 120 C18-AQ 1.9-mm resin (Dr. Maisch). The analytical column was encased by a column oven (Sonation) and attached to a nanospray flex ion source (Thermo). The column oven temperature was adjusted to 45°C during data acquisition and in all other modes at 30°C. The liquid chromatograph was equipped with two mobile phases: solvent A (0.1% [v/v] FA in water) and solvent B (0.1% [v/v] FA in ACN). All solvents were of ultraperformance liquid chromatography grade (Sigma-Aldrich). Peptides were loaded directly onto the analytical column with a maximum flow rate that would not exceed the set pressure limit of 980 bar (usually around 0.6-1 mL min 21 ). Peptides were subsequently separated on the analytical column by running a 70-or 140-min gradient of solvents A and B (70-min gradient: start with 7% B; gradient 7% to 35% B for 60 min; gradient 35% to 100% B for 5 min; and 100% B for 5 min; 140-min gradient: start with 7% B; gradient 7% to 35% B for 120 min; gradient 35% to 100% B for 10 min; and 100% B for 10 min) at a flow rate of 300 nL min 21 . The mass spectrometer was operated using Xcalibur software (version 2.2 SP1.48) and was set in positive ion mode. Precursor ion scanning was performed in the Orbitrap analyzer (Fourier transform mass spectrometry) in the scan range of m/z 300 to 1,800 and at a resolution of 60,000 with the internal lock mass option turned on (lock mass was 445.120025 m/z, polysiloxane; Olsen et al., 2005) . Product ion spectra were recorded in a data-dependent fashion in the ion trap in a variable scan range and at a rapid scan rate. The ionization potential (spray voltage) was set to 1.8 kV. Peptides were analyzed using a repeating cycle consisting of a full precursor ion scan (1 3 10 6 ions or 50 ms) followed by 12 or 15 product ion scans (1 3 10 4 ions or 80-100 ms) where peptides are isolated based on their intensity in the full survey scan (threshold of 500 counts) for tandem mass spectrum (MS2) generation that permits peptide sequencing and identification. Collision-induced dissociation energy was set to 35% for the generation of MS2. During MS2 data acquisition, dynamic ion exclusion was set to 60 to 120 s with a maximum list of excluded ions consisting of 500 members and a repeat count of one. Ion injection time prediction, preview mode for Fourier transform mass spectrometry, monoisotopic precursor selection, and charge state screening were enabled. Only charge states of greater than 1 were considered for fragmentation.
Peptide and Protein Identification Using MaxQuant
Spectra (RAW files) were submitted to an Andromeda (Cox et al., 2011) search in MaxQuant (version 1.5.0.25 or 1.5.3.30) using the default settings (Cox and Mann, 2008) . Label-free quantification and match-between-runs were activated (Cox et al., 2014) . For Arabidopsis samples, the MS2 data were searched against an Arabidopsis (taxonomy identifier 3702) database downloaded from the TAIR repository (TAIR10_pep_20110103.fasta; 27,416 entries). For saffron crocus (taxonomy identifier 82528) samples, we generated a dedicated protein database by translating the publicly available RNA sequencing data from Jain et al. (2016) and filtering for open reading frames that encode proteins of more than 50 amino acids (Supplemental File S1; Saffron.PROTEIN_50.fasta; 83,422 entries). All searches included a contaminants database search (as implemented in MaxQuant; 245 sequences). The contaminants database contains known MS contaminants and was included to estimate the level of contamination. Andromeda searches allowed oxidation of Met residues (16 D) and acetylation of the protein N terminus (42 D) as dynamic modifications and the static modification of Cys (57 D, alkylation with iodoacetamide). Enzyme specificity was set to trypsin/P with two missed cleavages allowed. The instrument type in Andromeda searches was set to Orbitrap, and the precursor mass tolerance was set to 620 ppm (first search) and 64.5 ppm (main search). The MS/MS match tolerance was set to 60.5 D. The peptide spectrum match false discovery rate and the protein false discovery rate were set to 0.01 (based on the target-decoy approach). The minimum peptide length was seven amino acids. For protein quantification, unique and razor peptides were allowed. Modified peptides were allowed for quantification. The minimum score for modified peptides was 40. Label-free protein quantification was switched on, and unique and razor peptides were considered for quantification with a minimum ratio count of 2. Retention times were recalibrated based on the built-in nonlinear timerescaling algorithm. MS/MS identifications were transferred between LC-MS/MS runs with the match between runs option, in which the maximal match time window was set to 0.7 min and the alignment time window was set to 20 min. The quantification was based on the value at maximum of the extracted ion current. At least two quantification events were required for each protein. Further analysis and filtering of the results were done in Perseus version 1.5.5.3 (Tyanova et al., 2016) . Briefly, only protein groups with at least two identified unique peptides over all runs were considered for further analysis. Comparison of protein group quantities (relative quantification) between different MS runs was based solely on the LFQs, as calculated by MaxQuant (MaxLFQ algorithm; Cox et al., 2014) . Imputed values were generated over the whole matrix, and the fold change and P values were calculated over the three biological replicates.
Open Reading Frame Detection and Domain Annotation
The complete set of de novo assembled transcripts was subject to open reading frame detection using three different prediction algorithms: Gene-MarkS-T (Tang et al., 2015) , TransDecoder (Haas et al., 2013) , and Prodigal (Hyatt et al., 2010) . Prodigal was run in both intronless eukaryotic and prokaryotic modes; thus, up to four open reading frame predictions were generated for each transcript. To select the single best open reading frame for each transcript, the following process was applied. If multiple methods predicted overlapping open reading frames, then the longest was chosen. Where multiple methods disagreed on the correct open reading frame, then the following decision process was followed. If all methods disagreed (either in frame or location), then the priority for assignment was taken as GeneMarkS-T, TransDecoder, Prodigal (eukaryotic settings), and Prodigal (prokaryotic settings). If some methods agreed, then the open reading frame that was detected by the largest number of methods was chosen. Only open reading frames of 50 or more amino acids were selected for further analysis. To annotate
